Introduction {#s1}
============

The soluble human pulmonary C-type lectin, surfactant protein (SP)-A, is the most abundant surfactant-associated protein in the lung with important functions in lung homeostasis *in vivo* [@pone.0059896-LeVine1]--[@pone.0059896-Chroneos1]. SP-A avidly binds to alveolar macrophages (AM), the major resident phagocytic cell in the alveolar space, and specifically modifies their phenotype and function both constitutively and in response to Gram-negative bacteria or isolated LPS (endotoxin). LPS is a highly potent stimulus of the human immune system *via* the TLR4/MD2 receptor complex [@pone.0059896-Kawai1]. Although TLR4 is essential for initiating activation of innate defenses, excessive inflammation in response to prolonged activation can prove detrimental. As such, regulatory mechanisms have developed to avoid inappropriate inflammatory responses. The cellular responsiveness to LPS is in part regulated by the cell surface membrane levels of TLR4 that are determined by the amount of TLR4 trafficking from the Golgi to the plasma membrane and the amount of TLR4 internalized into endosomes [@pone.0059896-McGettrick1]. TLR4 translocates to the cell surface upon LPS exposure and the LPS/TLR4/MD2 complex is internalized into early endosomes and then delivered to recycling endosomes and Golgi for recycling or to lysosomes for degradation [@pone.0059896-Thieblemont1]--[@pone.0059896-Husebye1]. In a sequential manner TLR4 utilises specific adaptor proteins at the plasma membrane and in early endosomes activating the NF-κB pathway and the type 1 interferon pathway, respectively [@pone.0059896-McGettrick1]. Although compartmentalized TLR4 signaling has been extensively studied, it is largely unknown whether cell-type-specific responses to LPS are dictated by cell specific differences in subcellular positioning of TLR4 [@pone.0059896-Barton1], [@pone.0059896-Kagan1]. Further, the role of tissue-specific microenvironmental factors in regulating intracellular TLR4 localization remains poorly defined.

SP-A modulates the threshold of LPS activity towards an anti-inflammatory phenotype both *in vitro* and *in vivo* through distinct mechanisms. Inhibition of LPS-induced NF-κB activity by SP-A has been described to occur *via* direct interaction of SP-A with LPS itself [@pone.0059896-Stamme1] or components of the LPS receptor complex, including CD14 [@pone.0059896-Sano1], [@pone.0059896-Sano2], MD-2 [@pone.0059896-Yamada1], and TLR4 [@pone.0059896-Yamada1], but also independently of the LPS-receptor complex [@pone.0059896-Gardai1], [@pone.0059896-Alcorn1]. We have previously demonstrated that SP-A specifically and transiently modulates endocytic/phagocytic membrane trafficking in primary AM functionally enhancing the lysosomal delivery of GFP-*E. coli* in these cells [@pone.0059896-Sender1]. However, it is unknown whether SP-A-mediated alterations in AM membrane trafficking can also specifically coordinate TLR4 subcellular localization and function in AM.

The multifunctional adaptor and signaling proteins β-arrestin 1 and β-arrestin 2 are expressed throughout the human body with the expression of β-arrestin 2 being enriched in macrophages [@pone.0059896-Lattin1]. β-arrestin 1/2double-knockout mice are neonatal lethal due to respiratory stress based on lung immaturity including decreased surfactant generation and significantly lowered SP-A expression [@pone.0059896-Zhang1]. The fact, however, that selectively β-arrestin 1^−/−^ or β-arrestin 2^−/−^ mice are viable implies that β-arrestins can substitute for each other to some extent in mediating major developmental effects on lung maturation. In contrast, data obtained from systemic mouse infection models suggest, that β-arrestin 1 cannot substitute for β-arrestin 2 in the lung [@pone.0059896-Fan1], [@pone.0059896-Walker1]. Whereas the classical function of β-arrestins in regulating desensitization of G-protein coupled receptors is established, their role in regulating signaling and/or endocytosis of structurally unrelated receptors, such as TLRs as well as their function as activating scaffolds for signaling pathways is only beginning to be revealed [@pone.0059896-Rajagopal1]. In the systemic murine caecal ligation and puncture model, the survival rate of β-arrestin 2^−/−^ mice is significantly decreased compared to WT mice with increased plasma IL-6 activity, more severe lung damage and higher bacterial loads [@pone.0059896-Fan1]. These findings support previous *in vivo* studies showing that intraperitoneally administered LPS induced higher mortality in β-arrestin 2^−/−^ mice, mechanistically related to suppressed signaling to NF-κB by direct β-arrestins/TRAF6 binding [@pone.0059896-Wang1]. In addition, β-arrestin 2 directly interacts with the predominant NF-κB inhibitor IκB-α preventing its phosphorylation and degradation [@pone.0059896-Witherow1], [@pone.0059896-Gao1]. Collectively, these studies suggest that β-arrestin 2 is a pivotal negative regulator of TLR4-dependent cytokine production and immune responses. Although there is strong evidence for cell and environment specificity of β-arrestin mode of action, the role of β-arrestin 2 in lung-specific responses to LPS *in vivo* has not yet been defined.

In this study, we demonstrate that SP-A affects the spatiotemporal compartmentalization and signaling of LPS-induced TLR4 in primary AM. In addition, we show that β-arrestin 2 is critically involved in SP-A-mediated inhibition of TLR4 translocation and signaling *in vitro* and *in vivo*.

Materials and Methods {#s2}
=====================

Animals and Ethics Statement {#s2a}
----------------------------

Primary AM were obtained from pathogen-free male Sprague-Dawley rats, from C57BL/6J WT mice (Charles River Laboratories), from SP-A^−/−^ mice generated as described before [@pone.0059896-Li1], from β-arrestin2^−/−^ mice kindly provided by Dr. Robert Lefkowitz (Duke University) [@pone.0059896-Bohn1] and the corresponding WT C57BL/6 mice (Charles River Laboratories) as described previously [@pone.0059896-Moulakakis1]. Animal care and experiments were approved by the Schleswig-Holstein Ministry of Environment, Nature, and Forestation (Permit Number: V 312-72241.123-3) and all efforts were made to minimize suffering. All mice used were between 6 and 12 weeks of age and were maintained at the Research Center Borstel animal facility under specific pathogen-free conditions.

Reagents {#s2b}
--------

The smooth LPS from *Salmonella friedenau* strain H909 was extracted by the phenol/water method, purified, lyophilized, and transformed into the triethylamine salt form [@pone.0059896-Galanos1]. RPMI 1640 medium, FBS, and Dulbecco\'s PBS were from PAA Laboratories GmbH. The bicinchoninic acid reagent was from Interchim. Beta-arrestin 2 blocking peptides, mouse anti-β-actin, anti-β-arrestin 2, rabbit anti-EEA1, goat anti-TLR4 (for confocal microscopy), rabbit anti-IκB-α, and HRP-conjugated goat anti-rabbit and donkey anti-mouse IgG were from Santa Cruz Biotechnology; Rabbit anti-TLR4 (for Western blot) and Dynabeads® were from Invitrogen. Amine-reactive Alexa Fluor 555 carboxylic acid, succinimidyl ester, DAPI, Alexa Fluor 488 donkey anti-goat IgG and Alexa Fluor 633 goat anti-rabbit IgG were from Molecular Probes (Invitrogen). The mouse anti-Vti1b (vesicle transport through interaction with t-SNAREs homologue 1B) antibody was from BD Biosciences. All other reagents (except as noted) were obtained from Carl Roth GmbH & Co. KG.

SP-A purification {#s2c}
-----------------

Human SP-A was purified from bronchoalveolar lavage of patients with alveolar proteinosis, as described in detail elsewhere [@pone.0059896-Wright2]. Briefly, the lavage fluid was treated with butanol to extract SP-A, and the resulting pellet was sequentially solubilized in octylglucoside and 5 mM Tris-buffered water (pH 7.4). To reduce endotoxin contamination, SP-A was treated with polymyxin B agarose beads. SP-A preparations were tested for the presence of bacterial endotoxin using a *Limulus* amebocyte lysate assay (Pyroquant Diagnostic, Mörfeld-Walldorf, Germany). All SP-A preparations used contained \<0.2 pg endotoxin/µg SP-A.

SP-A labelling {#s2d}
--------------

Purified SP-A was labeled with amine-reactive Alexa Fluor 555 carboxylic acid, succinimidyl ester as described previously [@pone.0059896-Sender1]. Briefly, SP-A was incubated with the respective conjugate in 100 mM sodium bicarbonate buffer (pH 9.0) for 1 h at room temperature. The reaction was stopped by adding 300 mM hydroxylamine hydrochloride (pH 8.5) and dialyzed overnight in a QuixSep Micro Dialyzer against PBS to remove unbound conjugate. Labeled proteins were analyzed by SDS-PAGE with subsequent Western Blot and Coomassie staining, and functionality of labeled SP-A was compared to that of unlabeled protein as shown previously [@pone.0059896-Moulakakis2].

Intratracheal application {#s2e}
-------------------------

Gender matched β-arrestin 2^−/−^ mice and corresponding WT mice (6--12 weeks old) were challenged intratracheally (i. tr.) with 2.5 µg/kg BW (0.05 µg/animal) of LPS or 2.5 µg/kg BW of LPS plus 5 mg/kg BW (100 µg/animal) of SP-A dissolved in a total volume of 100 µl sterile PBS using a Small Animal Laryngoscope-Model LS-2 and a MicroSprayer® Aerosolizer-Model IA-1C (Penn-Century. Inc. Wyndmoor, PA). Control mice were instilled i. tr. with 100 µl LPS-free sterile PBS. For intratracheal applications, all animals were anesthetized by i. p. injection of ketamin (WDT, Garbsen, Germany; 100 mg/kg body weight (BW) and xylazine (Bayer AG, Leverkusen, Germany; 10 mg/kg BW) mixture. After 60, 120, 240, or 300 min mice were euthanized by i. p. injection of a lethal dose of Nembutal (pentobarbital sodium), blood samples were collected by heart puncture and bronchoalveolar lavage (BAL) was performed. BAL fluid was centrifuged at 400× g for 10 min and the volume of cell-free lavage fluid recovered was measured for each animal. The samples were stored in aliquots in sterile 1.5-ml microfuge tubes at −80°C until assayed for TNF-α concentration. Cells recovered from BAL were used to prepare whole cell lysates, cytosolic fractions, and for confocal microscopy. Cytosolic extracts were prepared as described before [@pone.0059896-Moulakakis1] and the protein concentration was determined by bicinchoninic acid assay (BCA) using the BC Assay Protein Quantification Kit (Interchim, Montluçon, France).

Stimulation of primary AM {#s2f}
-------------------------

Primary AM from rats and mice were isolated as described previously [@pone.0059896-Moulakakis1], [@pone.0059896-Stamme2]. Rat AM were seeded in 24-well plates, and allowed to attach for 90 min at 37°C in a 5% CO~2~ atmosphere. AM from SP-A^−/−^ mice, β-arrestin2^−/−^ mice, and the corresponding WT mice were dispensed at a density of 2×10^5^/500 µl per tube (Protein LoBind 1.5 ml microfuge tubes; Eppendorf, Hamburg, Germany) in the presence of 0.2% HI-FBS, and experiments were carried out with non-adherent soluble cells. The cells were left untreated or treated with SP-A (40 µg/ml), LPS (100 ng/ml), or both for indicated times at 37°C in the presence of 0.2% HI-FBS. After stimulation, cells were washed with 500 µl of cold PBS, scraped off, and lysed in Laemmli-buffer for 30 min at 4°C to prepare whole cell lysates.

Co-Immunoprecipitation {#s2g}
----------------------

Rat AM (2×10^6^/well) were left untreated or treated with LPS (100 ng/ml), SP-A (40 µg/ml), or both for indicated times followed by lysis in 500 µl RIPA-buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, pH 8.0) for 30 min at 4°C. Anti-β-arrestin 2 (5 µg/ml) were preincubated with Dynabeads for 60 min at RT with gentle agitation. Then, 100 µg of the protein lysates were incubated with the beads/Ab-complex over night at 4°C with gentle agitation, and were washed three times with PBS. Immune complexes were released by heating the beads for 5 min at 95°C with sample buffer. Subsequently, 0.5 M DTT and bromphenol blue were added and Western analysis on TLR4 was performed.

Western analysis {#s2h}
----------------

Western analysis was performed on cytosolic fractions, whole cell lysates and immunoprecipitated samples. Lysates were separated on SDS-PAGE, and transferred to nitrocellulose membrane. Membranes were incubated with anti-TLR4 (rabbit polyclonal; 1∶40), anti-β-arrstin 2, or anti-β-actin (all mouse monoclonal; 1∶200), or rabbit anti-IκB-α (1∶700) Abs. Goat anti-rabbit IgG-HRP or donkey anti-mouse IgG-HRP (both 1∶2000) served as secondary Abs. Immunoreactive proteins were visualized using the ECL Western blotting detection system, band intensity was quantified by analysis with ImageJ 1.42 (NIH), and data were normalized to β-actin levels.

Confocal microscopy {#s2i}
-------------------

Rat and mice AM were seeded at 1×10^5^ and 1×10^4^ cells/well on 8-well Lab-Tek chamber slides and allowed to adhere for 90 min at 37°C in a 5% CO~2~ atmosphere. After treatment, the cells were fixed with ice-cold (−20°C) methanol for 2 min, washed three times with PBS, followed by permeabilization with 0.25% Triton X-100 for 7 min. Subsequently, cells were blocked with 10% BSA/PBS for 30 min and then incubated with anti-TLR4, anti-EEA1, anti-Vti1b, or control IgG at a 1∶60 dilution. Alexa Fluor 488 donkey anti-goat IgG, Alexa Fluor 633 goat anti-rabbit and donkey anti-mouse IgG served as secondary Abs at a 1∶500 dilution. Samples were analyzed using a Leica TCS SP confocal laser scanning microscope (Leica Microsystems, Bensheim, Germany) and images were assembled using Adobe Photoshop 10.0.

Quantification of TLR4 expression and co-localization {#s2j}
-----------------------------------------------------

All images used for quantification were scanned at the same pinhole, offset gain, and amplifier values below pixel saturation. Analysis was performed of at least two independent experiments with over 1×10^4^ to 1×10^5^ cells per condition, in which over 80% of the cells had similar staining patterns. TLR4 expression in IF pictures was determined by measuring the mean pixel intensity using ImageJ (NIH), and values are expressed as percentage change in mean pixel intensity = (treatment group intensity - control group intensity)/control group intensity ×100). Double-stained images used for co-localization analysis were obtained by sequential scanning for each channel to eliminate "cross-talk" of the channels and to ensure reliable quantification of co-localization. Quantitative analysis was performed using LAS-AF image analysis or co-localization plug in ImageJ. Threshold and background corrections were set based on Red-Green scatter gram. After setting background and threshold % co-localization was calculated.

Measurement of TNF-α {#s2k}
--------------------

TNF-α concentrations in BAL fluid and serum from *in vivo*-treated β-arrestin2^−/−^ mice and corresponding WT mice were determined by ELISA using a commercial kit specific for murine TNF-α (BD Biosciences), according to the manufacturer\'s protocol. Briefly, BAL samples were diluted 1∶2, 1∶4, and 1∶8 in the diluent provided with the assay. The range of detection was 31--2000 pg/ml. All plates were read on a microplate reader (Tecan, Crailsheim, Germany) and analyzed with the use of a computer-assisted analysis program (Magellan, Tecan).

Statistical analysis {#s2l}
--------------------

Data were statistically analyzed as indicated in the figure legends using GraphPad Prism (version 5.0; GraphPad). Values were considered significant when *p\<*0.05. Data are presented as mean ± SEM.

Results {#s3}
=======

SP-A inhibits LPS-enhanced TLR4 expression in primary AM {#s3a}
--------------------------------------------------------

LPS-induced TLR4 activation and signalling is regulated *via* distinct mechanisms including the cell surface expression of TLR4 which is in turn determined by the amount of TLR4 trafficking from the Golgi to the plasma membrane and the amount of TLR4 internalized into endosomes [@pone.0059896-McGettrick1]. Therefore, we initially examined total TLR4 protein expression by Western analysis and the cellular positioning of TLR4 by confocal microscopy in SP-A- and LPS-treated primary rat and mouse AM *in vitro* and *in vivo*. Western kinetics revealed that incubation of rat AM with LPS (100 ng/ml) resulted in a 201±51% and 248±48% (p\<0.05) enhancement of TLR4 protein expression after 1 h and 3 h, respectively. Pretreatment of AM with SP-A (40 µg/ml, 1 h) prior to LPS abrogated the LPS-enhanced TLR4 protein expression in these cells ([Fig. 1A](#pone-0059896-g001){ref-type="fig"}).

![SP-A inhibits LPS-enhanced TLR4 expression in AM.\
A, Western blot of total TLR4 protein expression in primary rat AM treated with LPS (100 ng/ml, 1 h and 3 h), SP-A (40 µg/ml, 1 h and 3 h), or both (SP-A 1 h plus LPS 1 h or 3 h) as indicated. Equal amounts of whole cell lysates were subjected to SDS-PAGE and immunoblotted for TLR4 and β-actin. Data of at least five independent experiments were normalized to β-actin, basal TLR4 expression in untreated cells was set 100%, and calculated data were statistically analyzed by two-way ANOVA with Bonferroni\'s post test (mean ± SEM). \*p\<0.05; \*\*p\<0.01. B, Representative IF for TLR4 in LPS- and SP-A-treated primary rat AM. TLR4 distribution was monitored in cells treated with LPS (100 ng/ml) or SP-A (40 µg/ml) for the times indicated. Images are representative of at least two independent experiments in which over 80% of the cells had similar staining patterns. Scale bars, 10 µm. Isotype controls are also shown. Upper panel, LPS-treated cells. Lower panel, SP-A-treated cells. C, Representative IF for TLR4 in BAL cells from WT mice after intratracheal administration of 2.5 µg/kg BW of LPS or 5 mg/kg of SP-A plus 2.5 µg/kg of LPS. Images are representative of at least two independent experiments in which over 80% of the cells had similar staining patterns. Scale bars, 10 µm. D, Quantification of pixel intensity from confocal microscopy images stained for TLR4. Values are expressed as percentage change in mean pixel intensity ± SEM of one experiment with at least 20 cells per condition. Untreated control was set to 100% (dotted line) and data were statistically analyzed by one-way ANOVA with Bonferroni\'s posttest. \*p\<0.05; \*\*p\<0.01, \*\*\*p\<0.001. E, Representative IF for TLR4 in primary rat AM treated A555-labeled SP-A for 15 min. Images are representative of two independent experiments in which over 80% of the cells had similar staining patterns. Scale bars, 10 µm.](pone.0059896.g001){#pone-0059896-g001}

Subsequently performed confocal microscopy confirmed the data from Western analysis showing a significant increase in TLR4 staining over time for up to 30 min of LPS treatment (p\<0.001) ([Fig. 1B](#pone-0059896-g001){ref-type="fig"}, upper panel and 1D, left panel). Furthermore, the confocal images indicate that LPS induced the recruitment of TLR4 to the cell periphery at very early time points ([Fig. 1B](#pone-0059896-g001){ref-type="fig"}, upper panel). In contrast, SP-A transiently decreased the TLR4 staining after 15 min (p\<0.01) and 30 min (p\<0.05) ([Fig. 1B](#pone-0059896-g001){ref-type="fig"}, lower panel and 1D, left panel) but had no effect on TLR4 localization compared to untreated cells ([Fig. 1B](#pone-0059896-g001){ref-type="fig"}, lower panel).

*In vivo* studies performed on BAL cells from WT mice treated with LPS (2.5 µg/kg BW) or SP-A (5 mg/kg BW) plus LPS (2.5 µg/kg BW) revealed that TLR4 staining was significantly enhanced after 30 min of LPS challenge (p\<0.05) and declined after 60 and 120 min ([Fig. 1C](#pone-0059896-g001){ref-type="fig"}, upper panel and [Fig. 1D](#pone-0059896-g001){ref-type="fig"}, right panel). Treatment of the mice with SP-A plus LPS inhibited TLR4 staining after 30 min (p\<0.05).

To determine whether SP-A directly interacts with TLR4, additional confocal microscopy was performed using Alexa Fluor 555-labeled SP-A. In primary rat AM, SP-A did not co-localize with TLR4 ([Fig. 1E](#pone-0059896-g001){ref-type="fig"}) within 15 min of incubation.

LPS-induced co-localization of TLR4 with EEA 1 in primary AM is reduced by SP-A {#s3b}
-------------------------------------------------------------------------------

The subcellular localization of TLR4 in primary rat AM was assessed by kinetic confocal microscopy studies using markers for different intracellular compartments. Treatment of the cells with isolated LPS (100 ng/ml) induced a rapid and significant (p\<0.05) co-localization of TLR4 with the specific early endosome marker EEA1 after 5 min of incubation ([Fig. 2A, 2C](#pone-0059896-g002){ref-type="fig"}). The LPS-induced co-localization of TLR4/EEA1 was most evident for the first 15 min of incubation and decreased after 30 min. These data confirm and extend prior evidence for LPS-induced TLR4 translocation in HEK293 cells and human monocytes to primary AM [@pone.0059896-Latz1], [@pone.0059896-Husebye1]. The role of SP-A in LPS-induced subcellular positioning of TLR4 was subsequently analyzed after treatment of the cells with SP-A, or SP-A plus LPS ([Fig. 2B](#pone-0059896-g002){ref-type="fig"}). Pretreatment of AM with SP-A (40 µg/ml, 15 min) prior to LPS (100 ng/ml, 5 min) abolished (p\<0.05) the LPS-induced co-localization of TLR4 with EEA1 ([Fig. 2B and 2C](#pone-0059896-g002){ref-type="fig"}). The combined data indicate that SP-A modulates the subcellular positioning of TLR4 in LPS-stimulated primary rat AM.

![SP-A inhibits the LPS-induced co-localization of TLR4/EEA 1 in rat AM.\
A and B, Representative IF for TLR4 localization in primary rat AM treated with LPS (100 ng/ml), SP-A (40 µg/ml), or both as indicated. Images are representative of at least three independent experiments in which over 80% of the cells had similar staining patterns. Early endosomes were stained with EEA1. Arrows indicate the area of co-localization. Upper panels, DIC image. Middle panels, TLR4 staining. Lower panels, overlay of single stainings. Scale bars, 10 µm. C, Analysis of TLR4 and EEA1 co-localization. Values are expressed as percentage ± SEM of at least two independent experiments with at least 20 cells per condition. Data were statistically analyzed by one-way ANOVA with Bonferroni\'s posttest. \*p\<0.05.](pone.0059896.g002){#pone-0059896-g002}

In β-arrestin 2^−/−^ AM SP-A fails to inhibit the LPS-induced co-localization of TLR4 with EEA1 {#s3c}
-----------------------------------------------------------------------------------------------

The pleiotropic scaffold protein β-arrestin 2 has been described to play a critical role as negative regulator of LPS-induced TLR4 signaling [@pone.0059896-Wang1]. Therefore, we next addressed the role of β-arrestin 2 in SP-A-mediated effects on LPS-induced TLR4 trafficking in primary AM from WT and β-arrestin 2^−/−^ mice. Data obtained from confocal analyses and subsequently performed quantification of co-localization revealed that the LPS-enhanced co-localization of TLR4/EEA1 in AM from WT mice was significantly reduced after pretreatment of the cells with SP-A (p\<0.05) ([Fig. 3A and 3C](#pone-0059896-g003){ref-type="fig"}), confirming the data obtained from rat AM. In contrast, SP-A failed to inhibit the LPS-induced co-localization of TLR4 with EEA1 in β-arrestin 2^−/−^ AM ([Fig. 3B and 3C](#pone-0059896-g003){ref-type="fig"}). Additionally performed confocal analyses using the post-Golgi compartment marker Vti1b and subsequent quantitative co-localization analyses showed that SP-A enhanced the co-localization of TLR4 with the post Golgi compartment in WT AM (p\<0.001) but failed to promote the co-localization of TLR4 and Vti1b in β-arrestin 2^−/−^ AM ([Fig. 3D--F](#pone-0059896-g003){ref-type="fig"}). The combined data suggest that the SP-A-modulated subcellular distribution of TLR4 in primary AM involves β-arrestin 2.

![SP-A fails to inhibit the LPS-induced co-loclization of TLR4/EEA1 in β-arrestin 2^−/−^ AM.\
A + B and D + E, Representative IF for TLR4 localization in primary AM from WT (A and D) and β-arrestin 2^−/−^ mice (B and E) treated with LPS (100 ng/ml), SP-A (40 µg/ml), or both as indicated. Images are representative of at least three independent experiments in which over 80% of the cells had similar staining patterns. Early endosomes were stained with EEA1 and the post-Golgi compartment was stained with Vti1b. Arrows indicate the area of co-localization. Scale bars, 10 µm. C and F, Analysis of TLR4 and EEA (C) or TLR4 and Vti1b (F) co-localization. Values are expressed in percentage ± SEM of at least three independent experiments with at least 50 cells per condition. Data were statistically analyzed by one-way ANOVA with Bonferroni\'s posttest. \*p\<0.05; \*\*\*p\<0.001.](pone.0059896.g003){#pone-0059896-g003}

SP-A enhances β-arrestin 2 protein expression in primary rat AM {#s3d}
---------------------------------------------------------------

To determine whether SP-A directly affects β-arrestin 2 protein expression, we performed Western kinetics on primary rat AM. Exposure to SP-A, significantly enhanced β-arrestin 2 protein expression in a time-dependent manner ([Fig. 4A](#pone-0059896-g004){ref-type="fig"}). At 3 h of SP-A β-arrestin 2 expression had increased 6-fold (p\<0.05) compared to untreated controls. In contrast, LPS stimulation of AM did not affect the expression of β-arrestin 2. Pretreatment of the cells with SP-A for 1 hr prior to LPS significantly increased β-arrestin 2 protein expression compared to LPS alone (p\<0.05) ([Fig. 4A](#pone-0059896-g004){ref-type="fig"}). These results support a role for SP-A in the up-regulation of β-arrestin 2 expression in primary AM both under basal conditions and in the presence of LPS.

![SP-A enhances β-arrestin 2 protein expression and LPS-induced β-arrestin 2/TLR4 interaction in primary AM.\
A, Western blot of total β-arrestin 2 protein expression in primary rat AM treated with LPS (100 ng/ml, 1 h and 3 h), SP-A (40 µg/ml, 1 h and 3 h) or both (SP-A 1 h plus LPS 1 h or 3 h) as indicated. Equal amounts of whole cell lysates were subjected to SDS-PAGE and immunoblotted for β-arrestin 2 and β-actin. Data of at least four independent experiments were normalized to β-actin, basal β-arrestin 2 expression in untreated cells was set 100%, and calculated data were statistically analyzed by two-way ANOVA with Bonferroni\'s post test (mean ± SEM). \*p\<0.05; \*\*p\<0.01. B, Immunoprecipitation (IP) of β-arrestin 2 and TLR4 immunoblot (IB) from rat AM lysates treated with LPS (100 ng/ml), SP-A (40 µg/ml), or both as indicated. Data of seven independent experiments were analyzed by one-way Anova with Dunett\'s posttest (mean ± SEM). \*p\<0.05; \*\*p\<0.01 (versus untreated control).](pone.0059896.g004){#pone-0059896-g004}

SP-A enhances both basal and LPS-induced β-arrestin 2/TLR4 interaction in primary AM {#s3e}
------------------------------------------------------------------------------------

We next asked whether SP-A can modify TLR4 positioning by integrating β-arrestin 2 scaffolding or signaling interactions. Co-immunoprecipitation experiments on primary rat AM showed that LPS increases β-arrestin 2/TLR4 association in a time-dependent manner within 60 min ([Fig. 4B](#pone-0059896-g004){ref-type="fig"}). Interestingly, treatment of the cells with SP-A alone also enhanced β-arrestin 2/TLR4 interaction, and further increased β-arrestin 2/TLR4 association when added to the cells 15 min prior to LPS (p\<0.05 and p\<0.001) ([Fig. 4B](#pone-0059896-g004){ref-type="fig"}). The data suggest that β-arrestin 2/TLR4 interaction in primary AM is enhanced by SP-A both constitutively and in the presence of LPS.

The basal β-arrestin 2 protein expression in primary AM from SP-A−/− mice is significantly reduced and is rescued by SP-A {#s3f}
-------------------------------------------------------------------------------------------------------------------------

Mice that lack SP-A are more susceptible to LPS-induced inflammatory responses than WT mice [@pone.0059896-Borron1], [@pone.0059896-George1]. The LPS-induced increase in TNF-α, macrophage inflammatory protein-2, and nitric oxide in the BAL of SP-A^−/−^ mice can be restored by intratracheal administration of SP-A [@pone.0059896-Borron1]. Furthermore SP-A^−/−^ pups show increased mortality after LPS inhalation and the survival of these mice can be improved through SP-A delivery by mouth [@pone.0059896-George1]. In the present study we found that the constitutive β-arrestin 2 protein expression in primary AM from SP-A^−/−^ mice is significantly reduced compared to strain-matched WT mice (p\<0.05) ([Fig. 5A](#pone-0059896-g005){ref-type="fig"}). The addition of exogenous SP-A rescued the basal low β-arrestin 2 protein expression in AM from SP-A^−/−^ mice (p\<0.05) ([Fig. 5A](#pone-0059896-g005){ref-type="fig"}) suggesting that β-arrestin 2 is upregulated by SP-A in these cells. To determine whether the reduced β-arrestin 2 protein expression in AM from SP-A^−/−^ mice is associated with abnormal intracellular TLR4 trafficking, kinetic confocal microscopy studies after LPS treatment were performed. LPS significantly enhanced TLR4/EEA1 co-localization for up to 30 min (p\<0.001) ([Fig. 5B and C](#pone-0059896-g005){ref-type="fig"}), indicating a prolonged TLR4 positioning at early endosomes in AM from SP-A^−/−^ mice. Treatment of the cells with both SP-A and LPS significantly inhibited the LPS-induced TLR4/EEA1 co-localization (p\<0.001) ([Fig. 5B and C](#pone-0059896-g005){ref-type="fig"}). To further clarify the role of β-arrestin 2 in SP-A-mediated inhibition of LPS-induced TLR4/EEA1 co-localization, AM from SP-A^−/−^ mice were treated with cell permeable β-arrestin 2 blocking peptides prior to the addition of SP-A and LPS. Pretreatment of the cells with arrestin 2 blocking peptides antagonized the inhibitory effect of SP-A on LPS-induced TLR4/EEA1 co-localization (p\<0.05) ([Fig. 5B and C](#pone-0059896-g005){ref-type="fig"}) suggesting that β-arrestin 2 is critically involved in this process.

![Reduced β-arrestin 2 expression and prolonged TLR4/EEA1 co-localization in SP-A^−/−^ AM are rescued by SP-A.\
A, Western blot of total β-arrestin 2 protein expression in primary AM from WT and SP-A^−/−^ mice treated with SP-A (40 µg/ml; 30 min). Equal amounts of whole cell lysates were subjected to SDS-PAGE and immunoblotted for β-arrestin 2 and β-actin. Data of four independent experiments were normalized to β-actin, basal β-arrestin 2 expression in WT mice was set 100%, and calculated data were statistically analyzed by one-way ANOVA with Bonferroni\'s posttest (mean ± SEM). \*p\<0.05 (WT versus SP-A^−/−^); ^\#^p\<0.05 (SP-A-treated versus basal). B, Representative IF for TLR4 localization in primary AM from SP-A^−/−^ mice treated with LPS (100 ng/ml), SP-A (40 µg/ml), LPS plus SP-A, or pre-treated with cell permeable β-arrestin 2 blocking peptides (15 min, 20 µg/ml) prior to LPS plus SP-A. Images are representative of two independent experiments in which over 80% of the cells had similar staining patterns. Early endosomes were stained with EEA1. Arrows indicate the area of co-localization. Upper panels, DIC image. Lower panels, overlay of single stainings. Scale bars, 10 µm. C, Analysis of TLR4 and EEA1 co-localization after treatment with LPS, SP-A plus LPS, or pretreatment with cell permeable β-arrestin 2 blocking peptides prior to LPS plus SP-A. Values are expressed as percentage ± SEM of two independent experiments with 20 cells per condition. Data were statistically analyzed by one-way ANOVA with Bonferroni\'s posttest. \*p\<0.05; \*\*\*p\<0.001.](pone.0059896.g005){#pone-0059896-g005}

The lack of β-arrestin 2 enhances pulmonary LPS responsiveness *in vivo* {#s3g}
------------------------------------------------------------------------

Although there is strong evidence for cell and environment specificity of β-arrestin mode of action [@pone.0059896-Lattin1], a pulmonary LPS model in selectively β-arrestin 2^−/−^ mice has not been investigated so far. To determine the *in vivo* pulmonary LPS responsiveness, β-arrestin 2^−/−^ and WT mice were intratracheally challenged with LPS (2.5 µg/kg BW) or PBS and sacrified after 1, 2, 4, and 5 h. Within this time frame, no significant differences in lung TNF-α levels were seen between genotypes given PBS. LPS treatment enhanced TNF-α release in BAL fluid from both WT and β-arrestin 2^−/−^ mice in a time-dependent manner with a peak 4 h after challenge and declined after 5 h ([Fig. 6A](#pone-0059896-g006){ref-type="fig"}). LPS-induced TNF-α release in BAL fluid from β-arrestin 2^−/−^ mice was accelerated and significantly more pronounced than in WT mice (p\<0.01) suggesting that the lack of β-arrestin 2 enhances lung susceptibility to LPS. A systemic TNF-α response was neither detected in β-arrestin 2^−/−^ mice nor in WT mice. Similarities in the phenotype of pro-inflammatory pulmonary responses between SP-A^−/−^ mice and β-arrestin 2^−/−^ mice support the hypothesis that the lack of SP-A influences lung inflammation partly mediated by inhibition of β-arrestin 2 expression.

![SP-A fails to inhibit enhanced LPS responsiveness in β-arrestin 2^−/−^ mice.\
A and B, TNF-α release in BAL fluid obtained from WT (n = 4--5) and β-arrestin 2^−/−^ mice (n = 3--5) at different times after intratracheal administration of 2.5 µg/kg BW of LPS or 5 mg/kg of SP-A plus 2.5 µg/kg of LPS. The control group received LPS-free PBS. \*p\<0.05 (LPS- versus PBS-treated WT mice); ^\#\#\#^ p\<0.001 (LPS-versus PBS-treated β-arrestin 2^−/−^ mice); \*\*p\<0.01 (LPS-treated WT mice versus LPS-treated β-arrestin 2^−/−^ mice). C, Western blot of cytosolic IκB-α protein expression in BAL cells from WT and β-arrestin 2^−/−^ mice 4 h after intratracheal administration of LPS or SP-A plus 2.5 µg/kg of LPS. Equal amounts of cytosolic fractions were subjected to SDS-PAGE and immunoblotted for IκB-α and β-actin. Data of three independent experiments were normalized to β-actin, basal IκB-α expression was set 100%, and calculated data were statistically analyzed by one-way ANOVA with Bonferroni\'s posttest. \*p\<0.05; \*\*p\<0.01. D, Representative IF for TLR4 localization in BAL cells from WT and β-arrestin 2^−/−^ mice after intratracheal administration of LPS or SP-A plus LPS. Images are representative of at least two independent experiments in which over 80% of the cells had similar staining patterns. Early endosomes were stained with EEA1. Arrows indicate the area of co-localization. Scale bars, 10 µm. E, Analysis of TLR4 and EEA1 co-localization. Values are expressed as percentage ± SEM of two independent experiments with at least 20 cells per condition. Data were statistically analyzed by one-way ANOVA with Bonferroni\'s posttest. \*p\<0.05.](pone.0059896.g006){#pone-0059896-g006}

In β-arrestin 2-deficient mice, exogenous SP-A fails to inhibit LPS-induced TNF-α release and TLR4/EEA1 co-localization {#s3h}
-----------------------------------------------------------------------------------------------------------------------

To determine whether SP-A-mediated inhibition of LPS-induced TNF-α release engages on β-arrestin 2 *in vivo*, BAL fluid from β-arrestin 2^−/−^ mice and WT mice was analyzed for TNF-α concentrations 4 and 5 h after intratracheal application of SP-A (5 mg/kg) plus LPS (2.5 µg/kg). Whereas SP-A inhibited the LPS-induced TNF-α release in BAL fluid from WT mice by approximately 40%, SP-A failed to inhibit LPS-induced TNF-α release in BAL fluid from β-arrestin 2^−/−^ mice ([Fig. 6B](#pone-0059896-g006){ref-type="fig"}). LPS-induced TNF-α release depends on NF-κB activation. Since we [@pone.0059896-Moulakakis1], [@pone.0059896-Wu1] and others [@pone.0059896-Ramadas1] have shown that SP-A inhibits LPS-induced NF-κB activation *via* a promoted stabilization of its pivotal inhibitor IκB-α, we subsequently analyzed cytosolic IκB-α protein expression in BAL cells from WT and β-arrestin 2^−/−^ mice treated with PBS, LPS, or LPS plus SP-A for 4 h. SP-A antagonized LPS-induced degradation of IκB-α in both WT mice (p\<0.01) and β-arrestin 2^−/−^ mice (p\<0.05) ([Fig. 6C](#pone-0059896-g006){ref-type="fig"}), indicating that β-arrestin 2 is not involved in SP-A-mediated stabilization of IκB-α.

We next assessed the *in vivo* role of β-arrestin 2 in SP-A-mediated modulation of LPS-induced TLR4 trafficking. Confocal analysis of AM from *in vivo* LPS challenged β-arrestin2^−/−^ mice showed that LPS significantly enhanced the co-localization of TLR4 with EEA1 at 4 h (p\<0.05) ([Fig. 6E](#pone-0059896-g006){ref-type="fig"}). However, compared to AM from WT mice, intratracheal co-administration of SP-A and LPS failed to inhibit TLR4 endosome positioning in AM from β-arrestin 2^−/−^ mice ([Fig. 6D and 6E](#pone-0059896-g006){ref-type="fig"}). The combined data indicate that SP-A-mediated inhibition of LPS-induced TLR4 signaling at both the level of TLR4 trafficking and TNF-α release *in vivo* critically involves β-arrestin 2.

Discussion {#s4}
==========

The soluble C-type lectin SP-A is the most abundant surfactant-associated protein in the lung with important functions in pulmonary homeostasis *in vivo* [@pone.0059896-LeVine1]--[@pone.0059896-Chroneos1]. SP-A^−/−^ mice exhibit increased susceptibility to infection, reduced survival, reduced macrophage activation, and inability to combat infection [@pone.0059896-LeVine2] after pulmonary challenge with a variety of clinically relevant pathogens, as well as to isolated LPS [@pone.0059896-Borron1], [@pone.0059896-George1]. Human lung diseases caused by Gram-negative bacteria and their invariant virulence factor LPS are a leading cause of mortality from infection [@pone.0059896-World1]. Cellular responses to LPS are partly regulated through subcellular localization of TLR4 [@pone.0059896-McGettrick1]. The pleiotropic scaffold protein β-arrestin 2 downregulates LPS-induced TLR4 signaling *in vivo* and *in vitro* [@pone.0059896-Wang1]--[@pone.0059896-Gao1], [@pone.0059896-Fan2]. In this study, we demonstrate that SP-A inhibits LPS-induced TLR4 signaling by modulating TLR4 trafficking in primary AM. *In vivo* studies reveal that β-arrestin 2 serves as a mediator of SP-A-prevailed TLR4 positioning and attenuation of TLR4 signaling.

Confirming and extending recent data [@pone.0059896-Juarez1], [@pone.0059896-Thorley1], we found an up-regulation of TLR4 protein levels in primary rat AM within three hours of exposure to LPS. Pretreatment of the cells with SP-A, however, antagonized LPS-enhanced TLR4 expression in primary AM. Analysis of pixel intensity reveal that SP-A alone transiently decreased TLR4 staining at early time points (15 min and 30 min) of exposure. Recent data demonstrated that SP-A does not affect constitutive TLR4 surface expression on five-day old human monocyte-derived macrophages as determined by flow cytometry. Likewise under basal conditions, SP-A had very little effect on TLR4 mRNA expression during monocyte differentiation into macrophages [@pone.0059896-Henning1]. The combined data would suggest that SP-A, under resting conditions, only transiently affects TLR4 abundancy, but can persistently decrease TLR4 expression levels in the presence of LPS. However, the mechanisms involved are unknown.

Confocal microscopy data presented here provide evidence that SP-A does not co-localize with TLR4 in primary AM. These data differ from a previous study demonstrating binding of SP-A to the recombinant extracellular domain of TLR4 employing microtiter binding assays and surface plasmon resonance analysis [@pone.0059896-Yamada1]. The divergent results could be due to the time points investigated (i.e., hours versus minutes) as well as the inherent limitations of both microtiter plate-based and cell-based *in vitro* binding assays.

In this study, LPS induced a rapid co-localization of TLR4 with EEA1-positive endosomes at very early time points in primary AM from rats and WT mice. In resting human monocytes and HEK cells, TLR4 cycles between the Golgi and at the plasma membrane and translocates to the cell surface upon LPS exposure [@pone.0059896-Latz1], [@pone.0059896-Husebye1] in a MD2-dependent manner [@pone.0059896-Nagai1]. Upon LPS ligation, the LPS/TLR4/MD2 complex is internalized by endocytosis in early endosomes and is subsequently delivered to either recycling endosomes, TGN and Golgi for recycling, or lysosomes for degradation [@pone.0059896-Thieblemont1]--[@pone.0059896-Husebye1]. In the present study, confocal analysis show that pretreatment of primary AM with SP-A prior to LPS almost completely abolishes the LPS-induced TLR4/EEA1 positioning and promotes the co-localization of TLR4 with the post-Golgi compartment. These data suggest that SP-A may either decelerate the LPS-induced transport of TLR4 from the Golgi to the plasma membrane or accelerate the retrograde transport of TLR4 from endosomes to the Golgi. Since TLR4 is unable to transduce signaling from the Golgi compartment, the data strongly suggest that SP-A modifies TLR4 signaling *via* modulating TLR4 localization. In β-arrestin 2^−/−^ AM, however, SP-A fails to promote trans Golgi localization of TLR4 upon LPS stimulation *in vitro*, indicating that SP-A-modulated TLR4 positioning critically involves the presence of β-arrestin 2 and that β-arrestin 1 cannot functionally compensate for the lack of β-arrestin 2 in primary AM.

We found that LPS induced β-arrestin 2/TLR4 association in primary AM in a time-dependent manner, an effect that was further enhanced by pretreatment of the cells with SP-A. The lack of direct SP-A/TLR4 co-localization, the SP-A-mediated up-regulation of β-arrestin 2 protein expression and the SP-A-enhanced β-arrestin2/TLR4 interaction suggest that SP-A-modulated cellular distribution of TLR4 in primary AM is mediated indirectly by integrating β-arrestin 2 scaffolding interactions. The endocytic function of β-arrestin 2 is evident from its ability to bind to distinct receptors, AP-2 and clathrin [@pone.0059896-DeFea1]. In addition, β-arrestin 2 can serve as a sorting adaptor protein to mediate receptor entry into a degradative pathway [@pone.0059896-Bhandari1]. The fact that both LPS [@pone.0059896-Husebye1] and SP-A [@pone.0059896-Moulakakis2], [@pone.0059896-Crowther1] are internalized by clathrin-mediated endocytosis raises the possibility that the constitutive internalization of endogenous SP-A by AM may be decisive for modulating LPS-induced TLR4 uptake, intracellular distribution, and signaling.

We found a significantly decreased protein expression of β-arrestin 2 in AM from SP-A^−/−^ mice that is restored to SP-A^+/+^ levels by the addition of SP-A suggesting that SP-A positively regulates β-arrestin 2. In addition, in AM from SP-A^−/−^ mice the localization of TLR4 in the endosome is markedly prolonged compared to its distribution in WT AM. Because AM are key to an appropriate innate immune response of the lung, abnormal TLR4 distribution in these cells may be one of the causes of the pro-inflammmatory phenotype of SP-A^−/−^ mice after pulmonary LPS challenge. The altered distribution of TLR4 in AM from SP-A^−/−^ mice is restored by the addition of SP-A and this effect is largely abolished by pretreatment of the cells with β-arrestin 2 blocking peptides. Together the findings suggest that SP-A participates in TLR4 signaling pathways by regulating TLR4 distribution *via* β-arrestin 2. However, it remains to be identified how β-arrestin 2-mediated distribution of TLR4 after SP-A stimulation is regulated.

We have previously shown that SP-A transiently enhances the expression of functionally active small GTPases Rab7 and Rab7b in primary AM [@pone.0059896-Sender1]. The late endosome-associated Rab7 is a key regulator in lysosome-directed transport [@pone.0059896-Bucci1]. Rab7b is involved in downmodulation of TLR4 signaling [@pone.0059896-Wang2] and is essential for the retrograde transport from endosomes to the trans-Golgi network [@pone.0059896-Progida1]. Therefore it is possible that SP-A modifies TLR4 distribution *via* Rab7b and/or Rab7 and that redundancies in this regulation exist. Whether RabGTPases and β-arrestin 2 functionally affect each other is unknown, though proteomic analyses of proteins that interact with β-arrestins demonstrate a direct interaction of small GTPases-related proteins with β-arrestins [@pone.0059896-Xiao1].

A pulmonary LPS model in selectively β-arrestin 2^−/−^ mice has not been addressed so far. Our data show, that LPS-induced TNF-α release in BAL fluid from β-arrestin 2^−/−^ mice was significantly accelerated and more pronounced than in WT mice indicating that the lack of β-arrestin 2 enhances lung susceptibility to LPS in a time dependent manner. These data support previous *in vivo* studies demonstrating that intraperitoneally LPS-treated β-arrestin 2^−/−^ mice had higher levels of pro-inflammatory cytokines and were more susceptible to endotoxic shock [@pone.0059896-Wang1]. In polymicrobial sepsis, the survival rate of β-arrestin 2^−/−^ mice is significantly decreased compared to WT mice and β-arrestin 2^−/−^ mice exhibit a more severe lung damage and higher bacterial loads than WT mice [@pone.0059896-Fan1]. In addition, *in vitro* loss and gain of function studies in HEK/TLR4 cells demonstrate that β-arrestin 2 dampens LPS-induced NF-κB activation [@pone.0059896-Fan2]. In contrast, another *in vivo* study showed that β-arrestin 2^−/−^ mice intraperitoneally challenged with LPS were protected from TLR4-mediated endotoxic shock and lethality in a gender-dependent manner *via* mechanisms entailing chromatin modifications [@pone.0059896-Porter1]. However, using sex-mixed arrestin 2^−/−^ mice in our study, we could not observe gender-dependent protective effects on LPS susceptibility of the lung.

As we have shown here, SP-A failed to inhibit LPS-induced TNF-α release and TLR4 endosome positioning in β-arrestin 2^−/−^ mice indicating that β-arrestin 2 is engaged in the anti-inflammatory effects of SP-A *in vivo*. Confirming and extending previous data [@pone.0059896-Moulakakis1], [@pone.0059896-Wu1], we could show that SP-A promoted the stabilization of the predominant NF-κB inhibitor IκB-α in both WT and β-arrestin 2^−/−^ mice after LPS challenge. Therefore, the failure of SP-A to inhibit NF-κB-dependent TNF-α release in β-arrestin 2^−/−^ mice is either independent of a mechanism involving the IκB-α negative feedback circuit or that this pathway is not operative in the absence of β-arrestin 2.

In conclusion, this study demonstrates that SP-A modulates the spatiotemporal compartmentalization and signalling of LPS-induced TLR4 *in vitro* and *in vivo* engaging β-arrestin 2. Further investigations on cell-type-specific TLR4 responses and the impact of tissue-specific factors on TLR4 positioning and thus ligand sensing will help to potentially improve the qualitative and quantitative outcome of innate immune responses of the lung to Gram-negative bacteria.
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